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Abstract: Pasteurisation was investigated as a process to achieve high microbial quality standards
in the recycling of water from unfiltered secondary effluents from a wastewater treatment plants in
Melbourne, Australia. The relative heat sensitivity of key bacterial, viral, protozoan and helminth
wastewater organisms (Escherichia coli, Enterococcus, FRNA bacteriophage, adenovirus, coxsackievirus,
Cryptosporidium, and Ascaris) were determined by laboratory scale tests. The FRNA phage were
found to be the most heat resistant, followed by enterococci and E. coli. Pilot scale challenge testing
of a 2 ML/day pasteurisation pilot plant using unfiltered municipal wastewater and male specific
coliphage (MS2) phage showed that temperatures between 69 ◦C and 75 ◦C achieved log reductions
values between 0.9 ± 0.1 and 5.0 ± 0.5 respectively in the contact chamber. Fouling of the heat
exchangers during operation using unfiltered secondary treated effluent was found to increase
the energy consumption of the plant from 2.2 kWh/kL to 5.1 kWh/kL. The economic feasibility of
pasteurisation for the current municipal application with high heat exchanger fouling potential can be
expected to depend largely on the available waste heat from co-generation and on the efforts required
to control fouling of the heat exchangers.
Keywords: pasteurisation; pasteurization; disinfection by-product; municipal wastewater;
wastewater recycling
1. Introduction
Recycled water is widely used in Australia for various purposes such as toilet flushing, domestic
gardening, irrigation of parks and sportsgrounds, and in peri-urban agriculture. Due to the high
risk of direct human exposure to the water, or to incidental ingestion of the water, the highest level
of treatment (Class A) is required for this recycled water. The microbial water quality objectives for
Class A water are determined by a quantitative microbial risk assessment (QMRA), consistent with
the Australian Guidelines for Water Recycling [1]. The ability of a treatment process to render the
water safe to use for a specific purpose is a key feature of the QMRA. This is commonly determined by
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the performance in challenge tests. Other key features of the QMRA are the feed water quality and
variability, the likely level of exposure, and infection rates of pathogens.
The safe treatment of sewage and the delivery of safe recycled water for reuse or for environmental
discharge requires a considerable energy input. Energy use is largely in the form of electricity to run
pumps and other process equipment, and for disinfection if the water is to be reused. Under financial
pressures from growing energy costs and regulatory pressures to reduce greenhouse gas emissions,
many wastewater treatment plants are keen to implement renewable energy sources and improve the
energy efficiency of their operations. The on-site electricity generation from biogas gives rise to large
quantities of waste heat that can be utilised for other processes, such as disinfection via pasteurisation.
Wastewater pasteurisation (WP) is an emerging disinfection technology that may have considerable
cost and environmental advantages over traditional wastewater treatment processes. It can utilise
waste heat from on-site electricity generation using biogas or gas from city or community supply to
heat the wastewater for inactivating the pathogens of concern. Pasteurisation technology has been
extensively used in the food industry for many years but its large-scale application to wastewater
treatment has emerged only recently. In the US, WP technology was granted California Title 22
approval for disinfection of filtered secondary effluent in 2007 [2]. It has been demonstrated at the city
of Santa Rosa’s Laguna Wastewater Reclamation Plant, where validation testing was conducted as
part of the California Department of Public Health (CDPH, now called the Division of Drinking Water
(DDW)) program to review new technologies for wastewater treatment for water reuse and provide
conditional approval (often referred to as “Title 22” approval) [3]. More recently, WP technology has
been adopted in the northern California town of Graton [2]. The adoption of this technology in the US
state of California for the treatment of filtered effluent suggests that that it may have economic and/or
environmental advantages (i.e., fewer disinfection by-products) over more established wastewater
disinfection technology. It is, however, difficult to find supporting evidence of this in the peer-reviewed
scientific literature, and the performance of WP for treatment of unfiltered secondary effluent is
not documented.
One of the advantages of using pasteurization to disinfect wastewater is that it does not lead
to harmful effects of unreacted disinfectant chemicals and to the formation of harmful disinfection
by-products (DBPs). Chlorination and ozonation are currently commonly used for wastewater
disinfection and their extensive use has led to the production of very harmful DBPs. The DBPs from
chlorination are harmful to both humans and the environment, and cause measurable effect of acute
toxicity from even low levels of residual chlorine [4–6]. The DBPs from ozonation result from the
oxidation of halogens, leading to the formation of carcinogens such as bromate at concentrations as low
as 20 µg/L [7]. The other commonly used wastewater disinfection method, UV disinfection, has not
been shown to lead to measurable quantities of DBPs [8]. The UV disinfection of turbid wastewater
with low UV transmittance, however, requires powerful UV systems that are both capital and energy
intensive, and necessitate pre-treatment to reduce turbidity and organic content.
The heating of pathogens brings about denaturation of macromolecules and structures that are
required for microbial function. The extent of denaturation of pathogen macromolecules, and the
resulting inactivation of pathogens, depends on both temperature and time. The higher the temperature,
the less time is required for this denaturation to take place. Wastewater contains a wide variety of
pathogens, each with its own tolerance to heat, and the required heat treatment for disinfection is that
which can kill even the most tolerant of these pathogens. Furthermore, the salt content, the phase of
growth of the organisms, the solution pH and the presence of suspended solid matter may have a
protective effect. Salt content of the order of 1 to 2% w/v has been found to be protective to bacteria and
viruses [9–12]. Bacteria in late stationary phase of growth have been found to be more heat resistant
than log phase cells [13]. Bacterial resistance to heat has been found higher for acid grown bacteria
than for cells grown at higher pH values [14]. Performance of the WP process has been reported to be
worse in unfiltered feedwaters than in filtered feedwaters [15].
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Due to the large rate of production of wastewater from most municipal wastewater treatment
plants, WP technology usually needs to operate at high flow rates which, in turn, requires high
temperatures and short contact time to achieve the desired level of inactivation. The selection of the
appropriate temperature and contact time to inactivate even the most heat resistant of pathogens
requires knowledge of the heat tolerance of the wide variety of pathogens present in the wastewater.
Once the most heat resistant organism is known, this organism can be tested for in the treated water and
can be used as a surrogate for the other organisms of concern and an indicator of plant performance.
This research identified the most heat tolerant organisms in the various classes of organisms (bacteria,
virus, protozoa and helminths) found in wastewater and then experimentally tested their tolerance to
heat in different wastewater matrices, allowing the selection of appropriate surrogate organisms for
industrial-scale challenge testing of existing WP technology. Key to the economic viability of the WP
process is the harnessing of waste heat from on-site electricity generation and the use of efficient heat
exchangers that recycle the heat and cool the treated water close to the ambient temperature before
discharge. This research also quantified the decrease in efficiency of the WP process, as fouling of
the heat exchangers occurred during the treatment of unfiltered secondary effluent with high fouling
potential. This work also examined the efficacy of different clean in place (CIP) procedures in restoring
heat exchanger efficiency.
2. Materials and Methods
2.1. Laboratory Scale Testing
The literature-derived inactivation temperatures for selected pathogens and surrogates [16] were
verified by laboratory-scale testing. The temperatures and exposure times that were going to be used
in the 2 ML/day pilot system were also used as a further consideration for selection of the inactivation
temperatures and times evaluated in the laboratory-scale testing. Experiments were conducted using
waters collected from Melbourne’s Western Treatment Plant (WTP) and Eastern Treatment Plant (ETP).
The effect of temperature and time (55 ◦C, 65 ◦C and 75 ◦C, 5 s, 30 s, 60 s) was evaluated for wastewater
sampled from different steps of the treatment process (i.e., from Pond Two (P2) and Pond 10 (P10) of a
10 pond maturation treatment process). Experiments were also conducted to determine if the origin of
the test organism (laboratory reference strain or wastewater isolate) had any influence on temperature
inactivation. Inactivation experiments placed 120 µL samples into 0.2 mL tubes, which were incubated
in a thermal cycler (Palmcycler, Corbett Research, Sydney, Australia). Controls were included to
account for any natural die-off at ambient temperature, and to account for any inactivation that
occurred while the sample temperature was ramping up from ambient to the target temperature (from
room temperature to target temperature with a nominal 1 s hold at the target temperature). Samples
were diluted using sterile reagent-grade water as required for microbiological analysis. Chemical
analyses were performed by a commercial analytical laboratory (ALS Water).
2.1.1. Male Specific Coliphage (MS2) Tests
The American Public Health Asscociation (APHA) Method 9224C was used for the detection
of male-specific coliphage (both FRNA and FDNA), with the exception that 1 mL of sample was
analysed. Plates were incubated at 36◦ ± 1.0 ◦C for 24 ± 2 h. A suitable reference strain of Escherichia
coli (ATCC 700891) was used as the phage host, and laboratory cultured male specific coliphage (MS2)
ATCC 15597-B1 was used as reference for FRNA coliphage. Indigenous male-specific coliphage in
a 1 mL wastewater sample were isolated using the phage plating method. The top layer of agar
containing phage plaques was scraped from the plate into tryptone soy broth (Oxoid), vortexed and
centrifuged to pellet cells/debris/agar. The phage plating method was used to isolate any phage in the
supernatant and the process was repeated. Male-specific coliphage include both FRNA and FDNA
phage; the abundance of each was determined by plating samples in the presence or absence of RNase.
The numbers of FDNA were low in the wastewater samples but increased following isolation of phage
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from the plates. Differential counts (using plates +/− RNase) were used to compare temperature
inactivation of indigenous FRNA with MS2.
2.1.2. Escherichia coli Tests
A National Association of Testing Authorities (NATA) accredited method, based on Australian
Standard AS 4276.7, was used for the isolation and enumeration of E. coli. In brief, this method filters
a 100 mL sample through a membrane, which is then placed onto MI agar (a selective chromogenic
medium) and incubated at 30 ± 0.5 ◦C for 4 h and then at 44.5 ◦C ± 0.5 ◦C for 16 h ± 2 h. Criteria for
counting E. coli colonies were used as described in 4276.7.
2.1.3. Enterococci Tests
Intestinal enterococci were enumerated using a NATA accredited method based on Australian
Standard AS 4276.9, with the addition of glucosidase agar for confirmation of Enterococcus. This method
is also based on filtration of a 100 mL sample and culture on a chromogenic medium (m-Enterococcus
agar). Plates were incubated at 36 ± 2.0 ◦C for 44 ± 4 h. Presumptive colonies were cultured using
glucosidase agar (incubated at 35 ± 0.5 ◦C for up to 4 h) and other culture media (as described in more
detail in AS 4276.9).
2.1.4. Coxsackievirus and Adenovirus Tests
Coxsackievirus and adenovirus were selected as representatives of human enteric viruses.
Coxsackie B5 (CB5) (ATCC VR-185) was cultured in buffalo green monkey kidney (BGM) cells;
adenovirus 2 (Ad2) was obtained from the National Institute of Allergy and Infectious Diseases
(NIAID) and cultured in human lung adenocarcinoma epithelial (A549) cells. Stocks were prepared by
infecting the appropriate cultured mammalian cell line. Cells were cultured to confluence in 175 cm3
flasks infected with the 3 mL of culture medium without foetal bovine serum (FBS) containing the
respective virus at a multiplicity of infection of approximately 1. Flasks were incubated for 90 min
at 37 ◦C in a CO2 incubator, with rocking every 10 min. The inoculum was replaced with 15 mL of
complete medium and incubated at 37 ◦C in a CO2 incubator until >90% of the cell monolayer had been
killed by virus infection. Host cells were subjected to between 1–3 rounds of freeze–thaw to release
any cell-associated virus particles. Virus particles were purified by centrifugation (4 ◦C at 10,000 g for
10 min) and filtration (0.2 µm Acrodisc syringe, Pall Corporation, Port Washington, New York, NY,
USA). Virus titres were determined using a plaque assay as described by Kahler et al. [17]. Virus stocks
were dispensed into 1 mL aliquots and stored at −80 ◦C. The plaque method [17] was also used to
enumerate viruses in temperature inactivation experiments. Briefly, cell monolayers were infected
with 100 or 200 µL of serially diluted (10−1–10−6) sample. Following infection, cells were washed and
overlaid with 2% SeaPlaque Agarose (Lonza Rockland, Inc., Rockland, Maine, USA) prepared in 2X
Minimum Essential Media (MEM) plus 10% FBS. Inverted plates were incubated at 37 ◦C for 3 or
10 days for CB5 or Ad2 respectively. Cells were fixed with 1% formalin, the overlay was removed
and cells were stained with 0.2% crystal violet. Plaques were counted and infectious viral units were
reported as plaque forming units (PFUs) per mL.
2.1.5. Cryptosporidium Infectivity Test
Cryptosporidium oocyst infectivity was measured by cell culture using a simplification of the assay
described by King et al. [18], which uses fluorescent antibodies to detect cells that have been infected by
Cryptosporidium. Each cluster of infected cells (also known as an infectious focus) represents infection
initiated by a single infectious oocyst. Temperature inactivation experiments used a predetermined (by
fluorescence microscopy) number of infectious oocysts in each sample, which allowed known numbers
of oocysts to be used in the infectivity assay, simplifying the calculation of the number of infectious
oocycts. The percentage of infectious oocysts after heat treatment (aht) was determined using the
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number of infectious oocysts detected by cell culture and the total number of oocysts applied to cell
culture, according to Equation (1):
% In f ectious aht = 100× (Cell culture detected/Total number applied) (1)
In order to avoid any overlap of infectious foci, only 100 oocysts were applied to each cell culture
well. The total number of oocysts applied to multiple cell culture wells was used to calculate the
maximum log removal values (LRVs) for Cryptosporidium.
LRV = log10(Total oocysts applied) − log10(Total in f ectious oocysts aht) (2)
2.1.6. Helminths Tests
The method of Jeska et al. [19] was used to isolate Ascaris suum eggs. Pig intestines from
slaughtered animals suspected to contain Acaris worms were obtained from the Department of Primary
Industries, VIC, Australia. Intact female worms (selected based on size) were rinsed in egg laying
solution (phosphate buffered physiological saline (pH 7.3), 0.0015 N sodium hydroxide and 11 mM
glucose), placed in 75 cm2 cell culture flasks with egg laying medium supplemented with 125 mg/L
gentamycin sulfate and incubated at 37 ◦C for multiple days. The medium was changed each day to
allow collection of any released eggs, which were stored at 4 ◦C until required. Eggs were enumerated
by light microscopy. Egg viability was determined by measuring the development of larvae. Sample
aliquots of 25 µL containing approximately 200–300 eggs were mixed with 225 µL 0.1N sulphuric acid
(Sigma-Aldrich, Sydney, Australia) in a 90 well microplate (Corning, Tewksbury, USA). The plate was
incubated in the dark at 22 ◦C for 40 days, with the well volume maintained by topping up with distilled
water as required. Following incubation, 60–100 eggs were visually assessed at 100–400 X magnification
(CKX41 microscope, Olympus, Tokyo, Japan) for the presence of developmental stages and were
assessed and categorized as unfertilized (dark and elongated with incomplete eggshells), pre-larval
and developed larvae. The eggs with a larval stage present were deemed viable and percentage
calculations excluded unfertilized eggs. Viability was calculated using the following equation:




Npre−larval stages + Nlarvae
))
(3)
2.1.7. Effect of Turbidity Test
The presence of solids (in the form of particulates) may affect heat transfer and microbial
inactivation in the wastewater. To assess this, the turbidity of ETP secondary effluent (2.1 NTU) was
artificially increased. The particulates in ETP secondary effluent were concentrated by centrifugation
and the resulting pellet added to un-modified ETP secondary effluent, resulting in a turbidity of
14.6 NTU. The number of E. coli in the ETP effluent was not sufficient to for inactivation experiments,
so indigenous E. coli were isolated by membrane filtration of 100 mL of effluent (as described above).
A colony that appeared to originate from a single particle (assessed by dissection microscopy) was
sub-cultured using MI agar. This isolate was further subcultured overnight at 37 ◦C in 10 mL of
tryptone soy broth (TSB). The overnight culture was re-inoculated into fresh 10 mL TSB bottles and
incubated with shaking for 3–4 h at 37 ◦C until the culture reached an optical density of 0.6–0.8
absorbance units. The culture (10 mL) was pelleted by centrifugation and resuspended in 10 mL of
2.1 NTU or 14.6 NTU ETP pond water.
2.2. Pilot Plant Testing
The 2ML/day pasteurisation pilot plant used in this study (Pasteurization Technology Group,
PTG) was composed of heat exchangers, stack heater and pipeline contact chamber (see Figure 1).
The pathogen inactivation taking place in the contact chamber and in entire pasteurisation plant was
tested by challenge testing using MS2 coliphage.
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Figure 1. Pasteurisation pilot plant. (a and b): frontal view and side view showing key pilot plant
components: heater (1), contact chamber (2) and heat exchangers (3); (c): ice bath sample chilling device
used for Port 5 samples; and (d): process schematic showing location of sample ports and key pilot
plant components.
The feedwater for the pilot plant trial was unfiltered ETP secondary effluent. The feedwater
was sampled on the challenge tests days and analyzed by a commercial analytical laboratory (ALS
Water). for total organic carbon (TOC), suspended solids (SS), volatile suspended solids (VSS), electrical
conductivity (EC), dissolved calcium, pH, alkalinity, turbidity and UV transmittance (UVT).
Rhodamine WT was used as a tracer in determination of the contact time at each tested flow rate.
The tracer was injected at low water temperature (19 ◦C) and detected by fluorescence measurement.
The contact time was calculated according to the method outlined in Appendix D of [20].
2.2.1. Contact Cha ber Testing
The effectiveness of inactivation taking place in the contact cha ber as tested by injecting S2
phage at Port 4 for approxi ately 20 in and sa pling at Port 5 (see Figure 1) after a ini u total
flo equivalent to three ti es the contact cha ber contact ti es, i.e., after at least 3 in at 550 L/ in
(60 s contact ti e), and after at least 1.5 in at 1,100 L/ in (30 s contact ti e). The pre-treat ent S2
concentration as deter ined by injection of the S2 at Port 0 and sa pling at Port 6 at a bient
te perature (<30 ◦C) where MS2 phage is known to be unaffected by these low temperatures. The high
flow (~1100 L/min) tests of the contact chamber were performed on 4 separate days at 3 different
te peratures on each day. Six before treat ent and six after treat ent sa ples ere taken at each
te perature, giving a total of 24 before-treat ent and 24 after-treat ent sa ples at each te perature
for the determination of the bottom 5th percentile log reduction value (LRV) required for validation [21].
One batch of MS2 culture was used on each of the 4 days. The average MS2 concentration before
treat ent on the 4 separate days varied bet een 4.0 and 5.5 log. The heat in all sa ples fro Port 5
as quenched immediately to between 40 ◦C and 50 ◦C by passing the sample through a spiral tube in
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an ice bath during sample collection. The samples were subsequently left in an ice bath for a further 5
min to ensure further cooling.
2.2.2. Whole Plant Testing
Testing of the performance of the entire process involved the injection of MS2 for approximately
30 min at a port prior to the feed pump (Port 0, see Figure 1), and sampling at Ports 1 and 6. Sampling
was started after flow equivalent to three times the entire plant contact time had passed through the
plant following commencement of MS2 dosing, i.e., after 12.7 min at 1100 L/min, (4.2 min contact time).
Six before-treatment and six after-treatment samples were taken at each test temperature. The Port
1 results were used to determine the pre-treatment MS2 concentration. A separate batch of MS2
culture was used for each of the temperatures tested for pathogen inactivation between Ports 1 and 6.
The average MS2 concentration before treatment for the 3 separate temperatures varied between 4.1
and 4.5 log.
2.2.3. Clean in Place
A clean in place (CIP) was performed on three different days. For each CIP event, the flow rate
was set at 1100 L/min with the system in recirculation mode. The cleaning chemicals (46% NaOH or
50% citric acid) were injected into the plant (total Volume 4500 L) and kept at 60 ◦C for 60 min. The first
CIP used 10 L of NaOH. The second CIP used 85 L of NaOH. The third CIP used 85 L of citric acid.
3. Results
3.1. Water Quality Data
Water for the laboratory scale testing was collected at two levels of maturation and biological
treatment, from the second pond (P2) and the 10th pond (P10) in the Western Treatment Plant (WTP)
10 maturation pond treatment system. The results of microbial and chemical assay of this water are
summarised in Table 1.
Table 1. Water quality data for Western Treatment Plant Pond water.
Month of Sampling April April June June
Pond ID * P2 P10 P2 P10
Escherichia coli (cfu/100 mL) 71,000 7 520,000 6
Faecal coliforms (cfu/100 mL) 71,000 29 520,000 15
Enterococci (cfu/100 mL) 48,000 9 23,000 0
FRNA (pfu/mL) 30 680 - -
pH 7.3 8.217 - -
Turbidity (NTU) 8.5 1.879 - -
Ammonia (mg/L) 67.8 <0.5 63.0 0.2
Nitrate+nitrite (mg/L) 0.007 21.7 0.007 20.9
Phosphate (mg/L) 10.9 8.988 10.9 8.4
TKN (mg/L) 63.8 1.659 65.5 1.7
DOC (mg/L) 15.3 8.9 17.1 8.4
TOC (mg/L) 21.2 10.7 29.5 9.5
BOD (mg/L) 14 <2 24 <2
COD (mg/L) 104 223 127 84
Conductivity (EC) (µScm) 2150 1860 2170 1700
TDS (mg/L) 1200 1000 1200 940
SS (mg/L) 12 4
VSS (mg/L) 11 2 - -
* P2, P10 indicates Ponds 2 and 10 respectively of a 10 pond maturation system.
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The quality of the feed water during the pilot scale challenge tests is shown in Table 2. The feed
water quality data was plotted against the achieved LRV to assess if any of the measured parameters
influenced the LRV achieved during pasteurisation. The square of the Pearson product moment
correlation coefficients (R2), from highest to lowest, were: SS (0.60) > Ca (0.42), > turbidity (0.38) > TOC
(0.33) > pH (0.31) > VSS (0.27) > COD (0.20) > UVT (0.16) > alkalinity (0.09) > EC (8 × 10−5). Only two
of the parameters showed a trendline with a negative slope that would be indicative of a decrease in
LRV with increase in the parameter (alkalinity and COD). More data are required to establish whether
or not there is a correlation between LRV and the tested water quality parameters, but this lack of clear
correlation is consistent with these parameters having no influence over the range of values tested in
these trials.





















75, 72, 69, 66 60 6.6 16 3.5 16 6 65 14 850 44
68, 64, 60, 57 42 6.6 16 6.8 24 6 60 15 830 41
75, 72, 69 59 6.9 18 4.6 24 4 70 15 890 35
75, 72, 69 43 6.6 16 2.3 16 2 50 13 730 43
75, 72, 69 53 6.7 17 9 23 33 44 16 830 40
3.2. Laboratory-Scale Testing
The primary purpose of the laboratory testing was to provide data for the selection of surrogate
agents (i.e., microbial organisms that can be readily enumerated in lieu of the target pathogen). A good
conservative surrogate agent for the pasteurisation process is one that is more heat resistant than
the target pathogens such that the achieved heat inactivation of the organism of concern is always
more than that of the surrogate. A recent survey of heat inactivation of pathogens found that FRNA
phage (MS2) is less heat sensitive than E. coli, most viruses and could thus make a conservative
surrogates for these pathogens [16]. The relative heat sensitivity of MS2 was compared to that of E.
coli and other pathogens of concern under conditions relevant to the Pilot Plant. The results of the
laboratory scale testing are shown in Tables 3 and 4. MS2 was found to be the most heat resistant,
followed by enterococci and E. coli. Ascaris showed some survival at 55 ◦C but was totally inactivated
at 65 ◦C. Adenovirus required between 30 and 60 s for total inactivation at 55 ◦C. Coxsackievirus B5
and Cryptosporidium were highly temperature sensitive, being rapidly inactivated even after brief time
exposures to 55 ◦C.
A comparison of the inactivation of laboratory and wild strains (Table 3) shows that wastewater
isolates of E. coli have a similar sensitivity to temperature to that of the laboratory strain. The native
FRNA was found to be less heat sensitive than MS2, particularly at 75 ◦C for 30 s exposure (Native
FRNA LRV = ~1.5, MS2 LRV = ~6).
As seen in Table 4, there was also no evidence of any difference in sensitivity due to different
water quality, with similar results for MS2 phage, E. coli or Chryptosporidium spiked into P2 (8.5 NTU)
or P10 water (1.8 NTU), suggesting that turbidity at these levels had no effect. The effect of turbidity
was further tested on ETP water. The results are shown in Table 5. Statistical comparison of the LRV
results using t-tests did not show any significant difference between waters of different turbidity (t-test
p > 0.05).
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Contact Time (Seconds) Contact Time (Seconds) Contact Time (Seconds)
5 30 60 5 30 60 5 30 60
MS2 0 0.28 ± 0.10 * 1.09 ± 0.03 * 0.59 ± 0.43 * >6.24, >6.24 **, 5.94 >6.24, >6.24, 5.94
FRNA—Wild 0 0.10 ± 0.15 * 0.37 ± 0.12 * 0.50 ± 0.20 * 1.63, 1.47 >8.01, 7.72, >7.96
Enterococci (wild) 0.63 ± 0.14 * 2.09 ± 0.40 * 1.78 ± 1.06 * >5.90 >5.90
E. coli—Lab 2.47 ± 0.71 * >6.08, 6.91, >4.49
E. coli—Wild 1.37 ± 0.51 * 6.17 ± 0.95 *
Ascaris 0.01 0.04 0.90 >1.79 >1.68 >1.68 >1.83 >1.74 >1.99
Coxsackievirus 5.0, 5.2 5.6, 6.0 >7.0 >7.0 >7.0 >7.0
Adenovirus 2.16 ± 0.19 * >7.76 >7.62 >7.62 >7.62 >7.62
Cryptosporidium >2.98 >2.98
* Arithmetic mean plus or minus one standard deviation for triplicate experiments. All other results are without replicates. ** “Greater than” sign (>) indicates total kill achieved.
Table 4. Effect of WTP pond water on log reduction values for male specific coliphage (MS2), Escherichia coli and Cryptosporidium in laboratory trials at different
temperatures and contact times.
Infectious Agent Pond Water
Temperature (◦C)
55 65 75
Contact Time (Seconds) Contact Time (Seconds) Contact Time (Seconds)
5 30 60 5 30 60 5 30 60
MS2 P2 −0.05 0.09 0.82 1.05 5.56 >7.05 **
P10 −0.03 0.16 0.66 1.04 5.66 >6.98
E. coli P2 0.31 0.47 1.04 >6.61 >6.61 >6.61
P10 0.14 0.25 1.02 >6.40 >6.40 >6.40
Cryptosporidium P2 >2.58
P10 >2.46
** “Greater than” sign indicates total kill achieved.
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3.3. Pilot Scale Testing
The primary aims for the pilot plant trials were to test the effectiveness of the WP process for the
treatment of unfiltered secondary effluent, and to assess the changes in energy efficiency resulting
from the fouling of the heat exchangers.
3.3.1. Contact Chamber Tests
The pilot plant was operated at Melbourne’s Eastern Treatment Plant (ETP) at temperatures
between 69 ◦C and 75 ◦C with a contact chamber time of 30 s (flow at ~1100 L/min) or 60 s (~550 L/min).
The results are shown in Figure 2.
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Figure 2. MS2 inactivation between Ports 4 and 5 (see Figure 1d). The high flow challenge tests
(~1100 L/min) were condu te on f ur s p r e days, each with cont ct time of 30 s. The low flow
challenge test (~550 L/min) was conducted n one day at a contact time of 60 s. All data points represent
the LRV calculated from the average of 6 before-treatment and 6 after-treatment samples. Error bars are
one standard deviation.
The pilot plant was found to have good control of both temperature and flow during the challenge
test, with relative standard deviations of ~0.2% and 2% respectively. The standard deviation from
the average LRV values was generally found to be greater for the higher temperatures, reflecting the
greater error in enumeration of low numbers of microorganisms, which are approaching the limit
of detection. There was generally good agreement between the high flow (30 s contact time) LRVs
obtained on four different days.
As expected, the LRV values at the lower flow rate (571 L/min, contact time of 60 s) were higher
than those at high flow rates (~1100 L/min, 30 s). This difference, however, was lower at 66 ◦C than at
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69 ◦C and 72 ◦C. These results are in good agreement with the laboratory trials results which showed
LRV values less than 1 at both 30 and 60 s at 65 ◦C, and a similarly high LRV at 30 and 60 s at 75 ◦C (see
Tables 3 and 4).
The MS2 LRV achieved during the pilot plant contact chamber challenge tests at 75 ◦C and a
contact time of 30 s (5.0 ± 0.5,) was found to be in good agreement with the MS2 LRV achieved in the
laboratory trials for Pond 2 and Pond 10 water at this contact time and temperature combination (5.56,
see Table 4).
3.3.2. Entire Plant Tests
As shown in Figure 1d, the wastewater goes through heat exchangers before and after spending
time in the contact chamber, heating it on the way in and cooling it back down to close to ambient
temperature on the way out. The additional time can potentially lead to greater pathogen inactivation.
To test this, and to determine the level of native E. coli inactivation in the entire plant, the MS2 challenge
tests were conducted at four lower temperatures, injecting the MS2 phage at Port 1, and sampling at
Port 6 (see Figure 1d for port locations). The results are shown in Figure 3.
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Figure 3. Comparison of disinfection performance at high flow rate, ~1,100 L/min) for the entire plant
(Ports 1 and 6, added MS2 and native E. coli, 254 s contact time) with the disinfection achieved in the
contact chamber (between Ports 4 and 5, added MS2 phage, 30 s contact time), error bars represent one
average standard deviation. See Figure 1d for port locations.
An E. coli LRV of 2.9 ± 0.3 was achieved at 68 ◦C at a contact time of 254 s (at ~1100 L/min). MS2
inactivation at this temperature was found to be 0.8 ± 0.2. The higher heat sensitivity of native E. coli
than MS2 at the pilot plant scale confirmed the laboratory scale results (native E. coli LRV = 1.2, MS2
LRV = ~0.1, at 65 ◦C and 30 s contact time). The trend in E. coli LRVs at varying temperatures indicated
that a minimum temperature of approximatel 72 ◦C i requ d for com lete inactivation of the native
E. coli in this water (present at ~ 5 log value (LV), and thus achieve the high levels of treatment required
for uses of recycled water that carry a high risk of direct human exposure to the wastewater. All the
microbiological raw data from the laboratory and pilot tests is available from ANDS website (see the
Supplementary Materials section).
3.3.3. Energy Efficiency Changes
The economic viability of the WP process depends largely on the efficiency of heat exchangers that
recycle the heat and cool the treated water close to the ambient temperature before discharge. Poor heat
exchanger efficiency results in heat loss in the effluent that must be replaced to keep the pasteurisation
process running at the required temperature. Fouling of heat exchangers is a major cause of decreasing
heat exchanger efficiency and the mechanism of fouling (chemical or biological) can vary depending
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on the temperature [22]. This trial was run on unfiltered wastewater from a holding basin at the end of
a nitrifying/denitrifying activated sludge sewage treatment plant and can be considered to have high
heat exchanger fouling potential. The feedwater was pre-filtered using a basket strainer to minimise
heat exchanger fouling by large particulates. The high fouling potential was clearly evident from
inspection of the basket strainer (see Figure 4), which shows almost complete occlusion of the inner
surface of the basket strainer by solid matter and the protrusion of particulate and fibrous material
through the ~3 mm strainer holes.
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Figure 4. Appearance of the basket strainer 4 months after commissioning (a), and after cleaning
immediately before performance of clean in place (CIP) procedures (b).
The measured mperatu e differe ces between the feed and th pilot plant outlet (∆T) during the
challenge tests, (performed at c tact chamber temperature between 66 ◦C and 75 ◦C) and during the
first continuous operation period (Period 1, constant contact chamber temperature of 72 ◦C) are shown
in Figure 5.
Water 2020, 12, x FOR PEER REVIEW 12 of 18 
 
3.3.3. Energy Efficiency Changes 
The economic viability of the WP process depends largely on the efficiency of heat exchangers 
that recycle the heat and cool the treated water close to the ambient temperature before discharge. 
Poor heat exchanger efficiency results in heat loss in the effluent that must be replaced to keep the 
pasteurisation process running at the required temperature. Fouling of heat exchangers is a major 
cause of decreasing heat exchanger efficiency and the mechanism of fouling (chemical or biological) 
can vary depending on the temperature [22]. This trial was run on unfiltered wastewater from a 
holding basin at the end of a nitrifying/denitrifying activated sludge sewage treatment plant and can 
be considered to have high heat exchanger fouling potential. The feedwater was pre-filtered using a 
basket strainer to min mise heat exchanger fouling by large particulates. The high fouling potential 
was clearly evident from inspection of the basket strainer (see Figure 4), which shows almost 
complete occlusion of the inner surface of the basket strainer by solid matter and the protrusion of 
particulate and fibrous material through the ~3 mm strainer holes. 
 
Figure 4. Appearance of the basket strainer 4 months after commissioning (a), and after cleaning 
immediately before performance of clean in place (CIP) procedures (b). 
The measured temperature differences between the feed and the pilot plant outlet (ΔT) during 
the challenge tests, (performed at contact chamber tempera ure between 66 °C and 75 °C) and during 
the first continuous operation period (Period 1, constant contact chamber temperature of 72 °C) are 
























Figure 5. Temperature difference between untreated wastewater and treated wastewater outlets.
It can be seen that ∆T at the first challenge test, at the start of the trial when the heat exchangers
were clean, was about 2 ◦C and this increased to approximately 2.5 ◦C by the time the last challenge
test had been performed. The ∆T value was found to rapidly increase during continuous operation,
prompting clean in place (CIP) procedures to be implemented. The basket strainer was cleaned
immediately prior to performance of the CIP procedures. The effect of different CIP procedures on the
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∆T values can be seen in Figure 6. It can be seen that the first implemented CIP (Day 108, low dose
caustic solution) was effective at decreasing the ∆T from 4.4 (Day 97, Figure 5) to 2.9 (Day 107, Figure 6).
The ∆T increased during continuous operation to 3.2 before the second CIP (high dose caustic solution)
which led to a decrease in the ∆T back to close to that observed at the end of the first CIP. Over the
next three days, the ∆T increased to 3.3 and it can be seen that the third CIP (using citric acid) was
more effective than the previous caustic solution CIPs, decreasing the ∆T to close to the baseline value
(first continuous mode operation). The ∆T value can be seen to rise rapidly over the next two days,
and then increase at a slower rate over the remaining days of the continuous operation period.
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Figure 6. Effect of different CIP procedures on ∆T during continuous pilot plant operation, CP1 (low
strength caustic) on Day 107, CP2 (high strength caustic) on Day 108, CP3 (citric acid) on Day 111.
The observed increases in ∆T values represent an increase in heat loss from the pasteurisation
system and this heat m st be replac d to ke p the pasteurisation process running at the required
temperatu . Figure 7 sho s the energy requirement from purchased gas as a result of he t loss in
treated wastewater, with and without waste heat from current level of co-generation. Three scenarios
with varying levels of supplementation of the required energy with waste energy from on-site electricity
generation are considered.
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Figure 7. Energy requirement from purchased gas as a result of heat loss in treated wastewater with
and without waste h at from current level of WTP co-generation (107,250 MWh/a). Cost of purchased
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4. Discussion
These laboratory scale results are consistent with the relative heat sensitivity of the test organisms
in literature [16]. Pasteurisation of raw sewage at 60 ◦C for 30 min has been found to result in MS2 LRV
of 2.8, which is lower than that of faecal streptococci (3.4) and Coxsackievirus (4.8 to 5.1) [24]. The LRV
achieved for an environmental strain of E. coli (strain O148, LRV: 4 to 7) at 55 ◦C for 30 min was slightly
less than that of a laboratory strain of E. coli (strain NCTC 9001, LRV: 7 to 8) [25]. The milder conditions
of 55 ◦C for 15 min were found to result in Ascaris LRV inactivation greater than 3 [26]. Cryptosporidium
has been found to be very sensitive to heat inactivation. Heat treatment at 55 ◦C for 0.5 min has been
found to achieve LRV inactivation of greater than 3.
The laboratory scale data presented in Tables 3 and 4 indicates that FRNA phage may serve as
a good surrogate for enteric viruses as it has a slightly higher resistance to heat than these viruses
and would be a good indicator of process performance as it is the most heat resistant of the tested
microbes. The data also indicates that Enterococci and E. coli could serve as a conservative surrogate
for bacteria in general, with Enterococci being the more conservative surrogate. E. coli could also serve
as a conservative surrogate for Cryptosporidium as it is more heat resistant.
The pilot scale LRV results achieved during the current work (0.9, 2.4 and 5.0 at 69 ◦C, 72 ◦C
and 75◦C respectively) are considerably different to those achieved for the contact chamber in past
pasteurisation trials at Ventura, California [3] where LRVs of 5.5, 7.0 and 7.2 were reported at 72 ◦C,
73 ◦C and 79 ◦C respectively, using the same strain of MS2 (strain ATCC 15597-B1) and similar contact
times. There was, however, considerable agreement between the current results and those in other US
studies at Graton and Santa Rosa, California (LRVs of 4.5 to 5.3 at approximately 75 ◦C, at contact times
between 15 and 40 s) [27]. The observed difference between the Ventura trial data and the other trial
data may possibly be attributable to the use of high seed doses in the Ventura trial, which can cause
artificially high LRVs [28]. Another possible cause of the differences observed is a difference in water
quality. The results of the 2007 Ventura wastewater pasteurisation trial suggest that turbidity plays a
role in pasteurisation disinfection kinetics, particularly with regard to coliform disinfection [3]. This
study compared disinfection performance of filtered and unfiltered effluent and found that unfiltered
effluent required the use of higher temperatures to achieve the desired E. coli inactivation level.
Municipal wastewater treatment plants are increasingly turning to on-site renewable energy
generation from biogas production. Melbourne’s Western Treatment Plant, for example, has an
expected annual electrical output of 71,500 MWh from the WTP biogas power plant which enables
it to meet nearly all its annual electricity needs using renewable energy on site [29]. Assuming
approximately 40% efficiency for electricity generation [30], and the use of approximately 90% of
available waste heat energy, this on-site electricity generation leads to the generation of approximately
96,505 MWh of available waste energy that can be used for pasteurisation. Figure 7 highlights the
importance of keeping ∆T as low as possible and the use of waste heat from co-generation. Without
supplementation of the energy for pasteurisation from co-generation, the requirement of energy from
purchased gas ranges from 2.2 to 5.1 kWh/kL, depending on the ∆T. This can be compared to the typical
energy intensity of currently available advanced technologies [31] for wastewater treatment shown
in Table 6. It can be seen that pasteurisation is very energy intensive when compared with a typical
advanced disinfection treatment process train such as ultrafiltration (UF) + UV + ozone (~0.32 kWh/kL).
Supplementation of the required energy with waste energy from co-generation is required to make
pasteurisation competitive with this process train from an energy intensity perspective. Figure 7 shows
that a pasteurisation wastewater plant that is run at a ∆T value of 2.3 ◦C would require all of Melbourne
Water’s WTP current co-generation waste heat to be competitive with UF + UV + ozone treatment.
If, however, the ∆T value were allowed to increase to the levels seen in the current trial (3.5 to 4 ◦C)
slightly more than twice the current level of co-generation would be required to make pasteurization
competitive with this process train from an energy intensity perspective.
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Table 6. Typical energy intensity of advanced water treatment technology (adapted from [31]).




Reverse osmosis (RO) 2.6
Membrane bioreactor (MBR) 6.6
Electrodialysis reversal (EDR) 2.6
Clearly, the economic viability of pasteurisation for this unfiltered secondary effluent application
would depend largely on the available waste heat from co-generation and on the efforts required to
keep a low ∆T. The costs associated with CIP and pre-treatment (e.g., coagulation, filtration) will be
key determinants of this economic viability.
Future implementation of this technology will depend on like-for-like comparisons of this
technology with current chlorination, ozonation and UV treatment in terms of economic viability
and environmental footprint in a changing regulatory, economic and environmental landscape. This
comparison must, however, be seen in the light of increasing environmental awareness and the
probability that the harmful DBPs produced form chlorination and ozonation, and the greenhouse
gas emissions associated with the high electricity requirements of UV treatment, will be more strictly
regulated in the future. The pasteurisation process’s lack of production of harmful DBPs and ability to
run on waste heat from on-site electricity generation from biogas may favour its future implementation.
5. Conclusions
FRNA phage were found to have a higher resistance to heat than viral pathogens, bacteria, protozoa
and helminths and may serve as a good surrogate for enteric viruses, as conservative surrogates for
bacteria, protozoa and helminths, and as good indicators of process performance. Enterococci and
E. coli could serve as a conservative surrogate for bacteria in general, with Enterococci being a more
conservative surrogate. E. coli could also serve as a conservative surrogate for protozoa and helminths.
Pilot scale (2ML/day) pasteurisation can be used to reduce the levels of pathogens in unfiltered
secondary effluent wastewater to achieve high water quality standards. Challenge tests conducted
over short periods of operation, using MS2 phage as process performance indicator and surrogate
for pathogens of concern, showed that operation of the pilot plant with a contact time of 30 s (feed
flowrate = 1100 L/min) and a temperature of 75 ◦C can achieve an average log reduction value of 5.0
for MS2 phage. The bottom 5th percentile LRV was found to be 4.0 under these conditions.
The impact of heat exchanger fouling on the efficiency of the WP process during the treatment
of unfiltered secondary effluent was also studied. Small increases in the difference between the inlet
wastewater temperature and the treated wastewater temperature (∆T) resulting from heat exchanger
fouling were found to markedly increase the energy requirement. These ∆T values were found
to increase rapidly over the duration of the test period, indicating that the unfiltered secondary
effluent used in this study had high fouling potential. The economic viability of pasteurisation for
the current municipal application will depend largely on the available waste heat from co-generation
and on the efforts and expense required to keep the ∆T low. The costs associated with pre-treatment
(e.g., coagulation, filtration) to minimise the fouling potential of the feedwater and/or with the CIP
requirements to maintain a low ∆T will be key determinants of the economic viability of the WP process.
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